Based on recent theoretical work by Robert May and Richard Levins, two hypotheses about time fluctuations in abundance of competing species were generated. Data for isopods and amphipods from four cave stream communities in Virginia and West Virginia were used to test the predictions. First, variance of total abundance should be less than the sum of the variances of individual species' abundances.
where Nj is the population size of species i, rj is its intrinsic rate of increase, Kj is the carrying capacity of the environment for species i, and O'jjis the effect of an individual of species j on an individual of species i (O'jj = I). Some of the assumptions contained in equation [I) , such as the constancy of the carrying capacity and the absence of higher order terms, make equation [I) inappropriate for some communities (e.g., Neill, 1974) . However, they seem to work quite well in cave stream communities for several reasons (Culver, 1973 (Culver, , 1976 . First, populations appear to be near equilibrium and aside from periods of spring flooding, population sizes vary less than populations in epigean streams (Culver, 1971) . Other researchers (e.g., Gledhill, 1977) have remarked on the relative constancy of subterranean aquatic faunas. Second, the communities are simple, with between two and four interacting species. This reduces the mathemaical chances of cyclic or chaotic behavior of population sizes (Smale, 1976) . Third, the interactions between species are behaviorally simple and highly stereotyped (Culver, 1970) , and thus they are unlikely to result in complicated, higher order interaction terms resulting from density or age differences. These conditions taken together indicate that communities should be at or near the equilibrium: 
where Nj is the equilibrium population size of species i.
The pioneering theoretical work by May (1974a) and Levins (1975) has resulted in a series of predictions being made about communities of competitors near equilibrium. In this paper, two of these predictions will be examined:
(1) the variation in total abundance of all species combined over time should be less than variation over time of population size of individual species.
(2) the partial correlation of abundances of competing species over time should be negative but correlations can be positive if indirect competition is important.
Although the genesis of these predictions comes from mathematical ecology, a verbal description of each prediction will be given first for the aid of readers who are not mathematically inclined. A synopsis of the mathematical argument will follow.
Time series data for four caves in Virginia and West Virginia form the data base for this study. Species compositions for these four caves are given in Table 1 . 
PATTERNS OF TOTAL ABUNDANCE
Imagine a cave stream where the availability of food or some other limiting factor remains roughly constant. That is, the total number of individuals (or total biomass) that the habitat can support remains constant, assuming ecological efficiencies of competing species do not vary greatly. So long as there has been sufficient time for a population or populations to reproduce to reach this maximum, the intensity of interspecific competition has little effect on the total number of individuals (or biomass) in the community. On the other hand, variation in abundance or biomass of individual species would increase with increasing interspecific competition. Therefore, we would predict that total abundance should vary less than the abundance of individual species. The hypothesis can be framed in a more rigorous way as follows. For the equilibrium in equation [2) to be stable, the eigenvalues of A must have positive real parts (Strobeck, 1973) . [For a discussion of eigenvalues see Searle (1966) ) The real parts of the eigenvalues measure the rate of return of the community to the equilibrium following a perturbation. Associated with each eigenvalue is an eigenvector, which is a linear combination of the variable of the differential equation underlying the process. In this case, the variables are population sizes, or deviations of population sizes from the equilibrium point. The rate of return following a particular perturbation depends on which eigenvector(s) most closely approximates the perturbation. For example, if in a three species community the abundances of the first two species are increased and the abundance of a third is decreased, then the rate of return to equilibrium will be governed by eigenvalues associated with eigenvectors whose first two elements are positive and last one is negative. An important consequence of the assumption that all species are competing (i.e., Cl'ij > 0) is that the eigenvector associated with the largest eigenvalue has all positive coefficients and all other eigenvectors have at least one negative coefficient--the Perron-Frobenius Theorem (Gantmacher, 1959) . Therefore, a perturbation that changes the abundance of all species will disappear more quickly than other perturbations.
For many matrices with biologically reasonable values for Cl'ij, all of the coefficients of the eigenvector are one (May, 1974b) , and the sum of the elements of the eigenvector corresponds exactly to total abundance. Any perturbation of the community aside from one involving total abundance will have a slower rate of return to equilibrium since it will be controlled by smaller eigenvalues. Figure I is a graphical representation of this hypothesis for two competitors.
The hypothesis to be tested is that for time-series data, the variance of total abundance (VT), which is controlled by the largest eigenvalue, is less than the sum of the individual species' variance (Vi)' which are controlled by the other, smaller eigenvalues. This can be statistically tested by using an F-test:
for n species and m sampling dates. Since
where N i is the abundance of species i, then it follows that the sum of the covariances of species abundances for competing species is negative, as can be seen in figure lB.
In three of the four caves, the variance of total abundance is less than the sum of the variances of abundances of individual species (Table 2) . The variance ratios range from 2.39 in Gallohan Cave NO.2 to 0.98 in Gallohan Cave No. I. None are statistically significant. If variance ratios in Table 2 are typical for communities of competitors, sufficient data will rarely be available to demonstrate statistical significance.
All in all, the fit of the data to the prediction is poor. This may be due in part to small sample sizes, but it also seems likely that some other process is involved. The hypothesis above was generated for the situation where the Theorem for two competing species. The growth rate of each species is assumed to be dN/dt = (rN/K) (K-N-aN2).
In A, the dashed lines are isoclines for the two species whena =0.5. Line a is the isocline for species I anc; line b is the isocline for species 2. The stable equilibrium p.oint is p. The solid arrows are the two eigenvectors. The length of the arrow indicates the relative magnitude of the eigenvalue associated with the eigenvector. Assuming that (rN/K) = I, eigenvector c is (I, I) and Ae = I + a. This is the eigenvector of total abundance. The eigenvector d is (I, -I) and AJ:I = I-a.
This eigenvector is the difference in abundance of the two species. In B, the equilibrium distribution through time in a varying environment is indicated by the cloud of dots. The mean population sizes (p') will be less than in the deterministic case (see May, (973) . Line e is a line for which Nt + N2 = constant. The largest eigenvalue will tend to return populations to this line. Fluctuations along line e will be less
n o 3:: equilibrium is fixed and the population sizes are subject to random perturbation about this equilibrium. But the equilibrium itself may vary, especially due to variation in the carrying capacity, K. May (1974a) has shown that if variation in Kj is random (i.e., 'white noise'), the variance in total abundance should be less than the sum of the variances of individual species' abundances. This results in the same qualitative prediction about variances as does the consequences of the Perron-Frobenius Theorem discussed above. But if carrying capacities of competing species are positively correlated through time, then the variance in total abundance may exceed the sum of the variances of individual species' abundances. For example, if the carrying capacities of two competitors are both low in winter and high in summer, then species abundances might be positively correlated (see equation 3) even though they are competing. The mathematics of such cases of competitors with correlated carrying capacities has not been completely worked out (see Roughgarden, 1975) , but the importance of correlation of K's can be seen for the following simple case. Let rjN/Kj = 1 for all species and let all interspecific competition coefficients «(Xjj)be equal to a. It can be shown (Levins and Culver, unpublished) that the covariances of changes in abundance of species i and j is:
Where p is the product-moment correlation of Kj and Kj, and 6t is the variance of K, assuming each Kj has the same variance. When the covariance in [4] is positive, all covariance will be positive due to symmetry, and the variance of total abundance (Y T ) will exceed the sum of variances (YJ of individual species abundances (see equation 3). This will occur when the correlation of carrying capacities exceed a certain value:
For example, for Gallohan Cave NO.1, the mean value of IXis 0.9, and the covariance will be positive if the correlation between K's is 0.31 or greater, not an especially strong correlation. This line of reasoning cannot be pursued further because the correlation of K's is probably an unmeasureable quantity. Abundances of species themselves cannot be used since they are a result of both carrying capacity and interspecific competition. An independent estimate of K is needed, and that is not available.
CORRELATIONS AND PARTIAL CORRELATIONS OF ABUNDANCE
Another consequence of interspecific competition are correlations among species' abundance through time. When two species are competing, the abundances of the two species should be negatively correlated since an increase in one species should result in a decrease in the other. When three species are competing, the situation is more complicated. This is because species A affects species B in two ways. First, there is the direct negative effect of species A on species B. Second, there is the indirect positive effect of species A on species B via species C. That is, species A has a negative effect on species C, which has a negative effect on species B; so the overall indirect effect of species A on species B is positive. The correlation between the two species depends on the relative magnitude of these effects (Levine, 1976) . In order to make predictions about the sign of the correlation, we must look at the mathematics of the hypothesis a bit more carefully. 
where aij is the effect of species j on species i. For the standard competition equations [1) ,
The unknowns, i.e., the effect of perturbations (Of;la CtJ on the population sizes, can be found by inverting the matrix in equation [7] . For three competitors: Each off-diagonal term (a'j) is the difference between the direct and indirect effect for species j on species i (see Levine, 1976) . Each diagonal term (a'jJ is the determinant of the subcommunity formed by deleting species i. Each element a\j measures the effect of a change in carrying capacity of species j on the population size of species i. Correlations can be predicted in the following way. A change in Kj (or any parameter affecting species i directly) results in changes in population sizes of all species--these are given in column i. The expected correlation between two species due to changes in Kj in the community can be found by comparing signs of the two appropriate terms in column i.
A However the carrying capacities of all species are likely to vary, and so correlation between species i and species j depends on all elements in row i and j. In particular, we expect a positive correlation between two species i and j when the product of the elements aik x ajk is zero or has the same sign for each value of k, i.e., for the entire row. Thus C. antennatus and C. recurvata should be positively correlated. If aik and a jk have the same sign for the entire row (i.e., for all k) then there should be a negative correlation. Thus L. usdagalun should be negatively correlated with both C. antennatus and C. recurvata. If for some k's aik times ajk is positive and negative for others, no prediction is possible unless the relative magnitude of the initial fluctuations is known.
The predictions about correlations depend critically on the signs of all elements aij' Therefore, Levine's (1976) procedure of dividing a'ij by a'ii to normalize the matrix may produce confusion. Since, a'ii can be negative (see a' 22 above), row signs will be changed which would result in the wrong prediction about correlation. Note that if a' ii is negative, the sub-community formed by deleting species i is unstable. Such unstable sub-communities may be common for competitors showing interference competition.
Similar predictions can be made for the three species in Court Street Cave, although accurate quantitative measurements are not available. The derivation of the predictions is given in Appendix 2 and summarized in the following table of signs for equation [9] :
Pseudobaicalasellus holsingeri Stygobromus emarginatus Siygobromus spinatus
Thus S. emarginatus and S. spinatus should be positively correlated and both should be negatively correlated with P. holsingeri.
In contrast with correlation coefficients, all partial correlations of competitors should be negative. This is because of the close correspondence between the definition of partial correlation and the definition of the competition coeffi~ients (see Seifert and Seifert, 1976) . Both essentially measure the effect (or correlation) of species j on species i with all other variables (i.e., population sizes of the other species) held constant. Using Dickson's data for Spangler Cave and Gallohan Cave NO.2 (Dickson, 1976) , Estes' unpublished data on Gallohan Cave NO.1, and my data on Court Street Cave, observed correlations and partial correlations can be compared with predictions (Table 3) .
Of the 19 predictions about the signs of correlations and partial correlations, 16 are in agreement with the signs of the calculated values. This level of agreement would be attained on a chance basis with a probability of only 0.002 (Sign Test). In addition, five of these correlations were statistically significant (Table 3) . Especially interesting is the complete agreement of observed and predicted correlations and partial correlations for Gallohan Cave NO.2. The time period of sampling in Gallohan NO.2 covers the period of the invasion of L. usdagalun (Dickson, 1976) , a time of intense competition, but when the population are far from equilibrium. This suggests that the linear models used may hold far from equilibrium.
The interaction between Crangonyx antennatus and Caecidotea recurva- 
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• Correlation and partial correlation are identical because there are only two species in the community.
COl\IPETITION IN Ci\ VE STREi\l\1 COMMUNITIES
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fa epitomizes the importance of indirect effects in the organization of communities. When no other competitors are present (Spangler Cave), the two species are negatively correlated. When a third competitor is present (Gallohan Cave No. I and Gallohan Cave NO.2), the two species are positively correlated.
DISCUSSION
The ratio of the sum of individual species' variances to the variance of total abundance of the species is a convenient way to summarize competitive effects in a community. However, available data (Table 2) indicate that this ratio may be unlikely to be large enought to be statistically significant unless very large numbers of samples are taken. Furthermore, possible correlations among carrying capacities (Kj 's) of the different species can result in the above variance ratios being less than one, even though the species are competing. This has apparently happened in the community in Gallohan Cave No. I. So, for real communities this ratio is unlikely to be of great value.
The results of the correlation and partial correlation analysis are much more convincing. The high level of agreement between the observed and expected correlations and partial correlations (Table 3) provides strong support for the hypothesis that linearized models of competition are sufficient to describe temporal fluctuations in species' abundance. It is also clear that competitors can be positively correlated--not only in theory but in actuality (Table 3) .
The potential for positive correlations among competitors has important implications for perturbation experiments. It is claimed (e.g., Connell 1975) that perturbation experiments are the only clear way to demonstrate interspecific competition. But the possibility of positive correlation among competitors means that increasin.g one species may actually increase another competing species, leading one to conclude that the competitor was actually a mutualist or the prey of the other species. Thus perturbation experiments are as difficult to interpret as the indisturbed temporal patterns.
It should be remembered that the hypotheses discussed in this paper are based on linear models. There has been a feeling among many ecologists that the usual models of competition (equation I) do not contain sufficient complexity to explain interactions in the real world (e.g. Ayala et aI., 1973) . However, much of the apparent simplicity of standard competition models is due to considering only two competing species. The addition of just one additional species allows for qualitatively new results, such as positive correlations among competitors. Still other possible patterns of fluctuation of three competing species are not possible when two species are present (May and Leonard, 1975) . Communities with small numbers of interacting species, such as cave stream communities and desert ant communities (Davidson, 1980) 
